Antitropicality is a distribution pattern where closely related taxa are separated by an intertropical latitudinal gap. Two potential examples include Brachidontes darwinianus (south eastern Brazil to Uruguay), considered by some authors as a synonym of B. exustus (Gulf of Mexico and the Caribbean), and B. solisianus, distributed along the Brazilian coast with dubious records north of the intertropical zone. Using two nuclear (18S and 28S rDNA) and one mitochondrial gene (mtDNA COI), we aimed to elucidate the phylogeographic and phylogenetic relationships among the scorched mussels present in the warmtemperate region of the southwest Atlantic. We evaluated a divergence process mediated by the tropical zone over alternative phylogeographic hypotheses. Brachidontes solisianus was closely related to B. exustus I, a species with which it exhibits an antitropical distribution. Their divergence time was approximately 2.6 Ma, consistent with the intensification of Amazon River flow. Brachidontes darwinianus, an estuarine species is shown here not to be related to this B. exustus complex. We suspect ancestral forms may have dispersed from the Caribbean to the Atlantic coast via the Trans-Amazonian seaway (Miocene). The third species, B rodriguezii is presumed to have a long history in the region with related fossil forms going back to the Miocene. Although scorched mussels are very similar in appearance, their evolutionary histories are very different, involving major historical contingencies as the formation of the Amazon River, the Panama Isthmus, and the last marine transgression.
Introduction
A major goal in biogeography has long been to understand the relative roles of historical contingencies vs. contemporary ecological processes in determining the presence/absence of a species in a given geographic region or, more generally, to understand the processes responsible for the geographic distribution of species. The biogeography of South American marine biota is known to have been influenced by major historical contingencies, starting with the separation from Africa (beginning in the Cretaceous) and the opening of the Drake Passage during the middle Eocene (Sanmartin and Ronquist 2004; Scher and Martin 2006) , following with the late Eocene opening of the Tasman gateway (Nelson and Cooke 2001) and the subsequent (Oligocene) establishment of a full circum-Antarctic circulation (west wind drift, WWD). Superimposed on these global processes, there were also a number of processes that affected biodiversity on a regional scale. These include several Atlantic marine transgressions (Malumi an and N añez 2011), the start of the Amazon River outflow toward the Atlantic Ocean beginning during the middle to late Miocene (Figueiredo et al. 2009 ), the formation of the Panama Isthmus in the Pliocene (Lessios 2008) , as well as the glaciations of the Plio-Pleistocene (Fraser et al. 2012) .
All these processes left a significant imprint on the biogeography of the marine biota of South America. The break-up of Gondwanaland helps explain the transoceanic disjunct distributions of many Southern Hemisphere taxa by vicariant isolation of ancestral lineages (Croizat et al. 1974 ). On the other hand, the presence of the same species or of closely related taxa throughout a number of subantarctic islands and including the southern tips of continental masses of Australia and New Zealand, South America, and South Africa can best be explained by dispersion along the WWD (Waters 2007; Fraser et al. 2012) . For instance, both processes, dispersion prior to vicariance (Heads 2005) , have been implicated in the distribution of galaxiid fishes throughout the Southern Hemisphere (Burridge et al. 2012) .
Several marine transgressions from the Atlantic have flooded South America to varying degrees and at various times beginning in the Maastrichtian-Danian (66-61 Ma). The last one, recorded for the Middle Miocene (Mart ınez and del R ıo 2005; Malumi an and N añez 2011), involves a controversial internal marine connection between the Caribbean Sea and the southern Atlantic Ocean (Rasanen et al. 1995; Webb 1995) , inference that is supported by biological and paleontological evidence (P erez et al. 2011; Stampar et al. 2012 ; but see Wesselingh and Salo 2006; Cooke et al. 2012) . Lastly, the glacial cycles of the Plio-Pleistocene are also known to have affected the biogeography of the marine biota of South America. The glaciations changed the continental margins of the region (Rostami et al. 2000; Hulton et al. 2002) and hence, the dispersal ability of subtidal and intertidal marine biota with the consequent impact on their distributions and genetic structures (Fraser et al. 2012) .
The emergence of the Central American Isthmus affected current flow, salinity, temperature, and primary productivity of the Pacific and the Atlantic Oceans and launched marine organisms of the two oceans into independent evolutionary trajectories (Lessios 2008) . For some species, these trajectories ended in extinction while for others they led to the formation of geminate species (Jordan 1908) on both sides of the Isthmus. While these pairs are generally well documented (Lessios 2008) , members of potential northwestern and southwestern Atlantic (NW-SW) species pairs are likely underestimated. For example, Vermeij (1991; his Fig. 1 ), in his global biotic exchange synthesis indicates no trans-tropical marine exchange in this region. The apparent reason is that compilations of geographic distributions along the shores of the western Atlantic often ignore the intertropical hiatus. Members of such closely related northwestern and southwestern Atlantic pairs are often classified as subspecies or even placed under the same specific name despite being separated by an intertropical latitudinal gap (e.g., Joyeux 2001) . This pattern of distribution was named antitropicality (Hubss 1952) and can be divided into three general categories:
(1) Strictly bipolar distribution, where related organisms are distributed in cold-temperate and cold regions of both hemispheres (Ekman 1953) . This pattern is well represented among cnidarians (Stepanjants et al. 2006) , marine bacteria (Zeng et al. 2010) , bryozoans (Kuklinski and Barnes 2010) , and protozoa (Darling et al. 2000; Di Giuseppe et al. 2013 ). (2) Bitemperate distribution (Hubss 1952) , where related organisms are distributed in the warm-temperate regions of both hemispheres. This pattern is well represented among bivalves (Jozefowicz and O 0 Foighil 1998; Hilbish et al. 2000; Shilts et al. 2007 ), fishes (Grant and Leslie 2001) , bryozoans (Schwaninger 2008) , and starfishes (Nakamura et al. 2011). (3) Distribution interrupted only in the equatorial region, with closely related species present in the intertropical belt. Randall (1982) introduced the term "antiequatorial" to describe this pattern, which is well represented among western Atlantic species or species pairs distributed northwest and southeast of the combined plume of the Orinoco and Amazon rivers, including some reef fishes (Joyeux 2001; Luiz et al. 2013) , lobsters (Rodr ıguez Rey 2010), and crabs (Tourinho et al. 2012) .
The suite of historical events described above defines the scenarios in which the phylogenetic and phylogeographic relations of South American marine taxa can be considered. The scorched mussels of the genus Brachidontes s.s. (Brachidontinae, including Mytilaster, Huber 2010 ) are a good model for studying this subject. These mussels are ubiquitous in the intertidal zone of rocky shores along both coasts of South America (Tanaka and Magalhães 2002; Bertness et al. 2006; Adami et al. 2013) . Four species of brachidontes occur along the Atlantic coast of South America. Three of them (Brachidontes solisianus, B. darwinianus, and B. rodriguezii) are found in warmtemperate waters, and the fourth (Perumytilus purpuratus) is found exclusively in the southern, cold-temperate waters of southern South America. Brachidontes solisianus is a marine species distributed from Rio de Janeiro (22°S) south to Santa Catarina (27°S; Brazil). Brachidontes darwinianus, an estuarine species, is distributed from southern Brazil, where it forms mixed beds with B. solisianus in regions of low salinity, to the northern coast of the La Plata River estuary (Uruguay). The third species, B. rodriguezii, a marine species, extends from Rio Grande do Sul (Brazil) (~32°S; Scarabino et al. 2006; Trovant et al. 2013) south to the North Patagonian gulfs (~43°S Nuevo, San Jos e, San Mat ıas) where it coexists with the fourth species Perumytilus purpuratus (Scarabino 1977) . Perumytilus purpuratus in turn is distributed from 41°S on the Atlantic, south through southern South America and continues on the Pacific side where it is found both in the cold-temperate and in the warm-temperate waters of the Magellanic and Chile-Per u biogeographic provinces, The historical processes likely responsible for the present distribution of these four scorched mussel species vary across species. Perumytilus purpuratus, the southernmost species is closely related to Austromytilus rostratus, from Australia. The presence of Perumytilus purpuratus in South America can thus best be explained by dispersal in an early WWD scenario, following the breakdown of shelf connections between southern Australia, Antarctica, and southern South America during the Eocene (Trovant et al. 2015) . The processes that have influenced the distribution for the other three brachidontes remain largely unstudied and require a proper understanding of their phylogenetic relationships. Antitropicality has for instance been signaled as a potential pattern for at least two of the species (Brachidontes darwinianus and B. solisianus). The phenotype of Brachidontes darwinianus (Uruguay and Brazil) is very similar to that of the B. exustus species complex (Linnaeus) in the Gulf of Mexico, to the point that some authors consider them synonymous (e.g., Rios 1994) . This complex, although, has recently been shown to comprise five cryptic species distributed in the Caribbean and Gulf of Mexico, plus two geminated species in the Pacific (Lee and O Foighil 2005) . In the absence of genetic studies on B. darwinianus, its relationship with the B. exustus species complex has thus far remained unresolved. Brachidontes solisianus, originally described by d'Orbigny (1842, 1846) based on materials collected in Uruguay (Maldonado) and Brazil (Rio de Janeiro), exhibits numerous records along the Brazilian coast north of Santa Catarina (28°S). This species has also been cited for localities north of the intertropical zone (Rios 1994) , although these records require more scrutiny. If confirmed, this pattern would be another potential case of antitropicality. It has also been argued that the third species, B. rodriguezii, may actually be related to fossil forms from the Miocene present in the same geographic region where the species is found today (Trovant et al. 2013) .
The aim of the present study was to document patterns of antitropical distribution in the western Atlantic region. This general pattern, largely ignored due to perception bias, is frequently observed in many warm-temperate species in the southwest Atlantic. We examined whether the distribution of two 
Materials and Methods

Sample collection
Specimens of Brachidontes solisianus, B. darwinianus, and B. rodriguezii were collected from nine localities distributed along the coast of Brazil and Uruguay from (A) (B) (C) Figure 1 . Localities of the genetically analyzed (blue circle) and museum (light green cross) specimens of (A) Brachidontes solisianus, (B Bah ıa (~14°S) to Montevideo (~34°S, Fig. 1 , Table 1 ). Tissue samples were stored in 95% ethanol. Morphological traits were measured in sampled specimens and in Brachidontes material deposited in the "Museu Oceanografico Eliezer Rios", Rio Grande, Brazil, and "Museo Nacional de Historia Natural", Montevideo, Uruguay ( Fig. 1, Data S3 ). To support the assignment of individuals to species, high-quality images were obtained of the type material of B. solisianus B. darwinianus, B. rodriguezii, and B. adamsianus deposited in the British Museum of Natural History. The phenotypes of the specimens from the Gulf of Mexico, the Caribbean, and the eastern tropical Pacific included in the study of O Foighil (2004, 2005) , which had not been adequately described, were properly characterized using material on loan of B. "adamsianus I" (n = 35), B. "adamsianus II" (n = 3), and B. " exustus I" (n = 34), and both valves of each specimen were photographed. DNA sequences of related taxa were downloaded from GenBank and are listed on Table 2 , along with the sequences obtained for this study. A nuclear sequence of the 18S rDNA gene available in Genbank identified as B. dominguensis Lamarck 1819 was included in the phylogeny taking into account that this species has been considered a junior synonym of B. exustus (Rios 2009 ).
DNA extraction, amplification, and sequencing
DNA was isolated from the posterior adductor muscle using the phenol-chloroform protocol (modified from Sambrook et al. 1989 ). We used LCO1490/HCO2198 (Folmer et al. 1994) , CO1aF/CO1aR (Trovant et al. 2013) , and a new set of primers: COI-UY-79-F (5 0 ACA AAT CAT AAA GAT ATT GGT ACH YTW TA) and COI-UY-iv-733-R1 (AAC AAR TGT ATA AAT AAM ACA GGA TC) (Lessa E. and Tomasco I., Universidad de la Rep ublica, Uruguay) to amplify the cytochrome oxidase subunit I (COI), of 559 bp (aligned length) and D23F/ D6R (Park and O 0 Foighil 2000) and 22F/ 1789R (Medlin et al. 1988) to amplify two nuclear genes: the large ribosomal subunit (28S), of 813 bp (aligned length), and the small subunit rDNA (18S), of 1627 bp (aligned length). Additional primers, 18S-1F 18S-2F, 18S-3F; 18S-4F; 18S-1R, 18S-2R, and 18S-3R (Goto et al. 2011) , were used for sequencing the 18S rDNA gene. When possible, we sequenced ten specimens per locality for COI and two specimens per locality for 28S and 18S. In total, we obtained 129 sequences (82 for the COI, 26 for the 28S, and 21 for the 18S). Fewer nuclear than mitochondrial sequences were obtained because of the relatively low variability found in the 28S and 18S nuclear genes. To amplify the genes, we used Tsg polymerase (Bio Basic Inc., Canada). The protocol included an initial denaturing temperature of 95˚C for 5 min, followed by 30 cycles of 95˚C for 45 sec, an annealing temperature of 45°C for 1 min for the COI and 52°C for the 28S and 18S, 72°C for 1 min, and a final extension at 72°C for 10 min. After extraction and amplification, the DNA was visualized by UV transillumination in 1% agarose gels stained with fluorescent green dye (BIOTIUM). Extractions and amplifications of DNA samples were performed in the Laboratory of Molecular Biology (CENPAT, Argentina), while the purification of PCR products and sequencing of both strands of DNA were carried out in CENPAT laboratory and Macrogen Inc. (Maryland, USA), using for the Table 1 . Sampling sites of Brachidontes s.s. species from the coast of Brazil (BR) and Uruguay (UY). In the analysis were added, for comparison, samples from Argentina and Uruguay analyzed in Trovant et al. (2013) (Table 1) indicated by (*).
Species
Locality Latitude/Longitude COI and the 28S the same primers as in the amplification. DNA sequence data were edited in CodonCode Aligner v 2.0.4 and aligned using default parameters with Clustal W (Thompson et al. 1994) . Some Mytilids have a form of mtDNA inheritance known as "doubly uniparental inheritance" (DUI) (Fisher and Skibinski 1990; Hoeh et al. 1991; Zouros et al. 1992; Geller 1994; Skibinski et al. 1994a,b; Stewart et al. 1995; Quesada et al. 1996) . This phenomenon has been found in some brachidontes (B. exustus species complex, Lee and O Foighil 2004; P. purpuratus Vargas et al. 2015) , but not in others (Terranova et al. 2007) . Species exhibiting DUI are characterized by two distinct mtDNAs: A maternally inherited mitochondrial genome present in eggs and somatic tissues of females and males and a different, paternally inherited mitochondrial genome in the male germ line (Rawson and Hilbish 1995) . The paternal mtDNA is preferentially replicated, particularly in the gonad. Following Lee and O Foighil (2004) , we extracted DNA from the posterior adductor muscle tissue because this muscle is unlikely to be infiltrated by germ line tissue irrespective of the sex of an individual mussel.
Brachidontes solisianus
Itapoa, Bah ıa (BR) 12°58 0 S, 38°22 0 W Cumuruxatiba, Bah ıa (BR) 17°05 0 S, 39°11 0 W Niteroi, Bah ıa de Guanabara, R ıo de Janeiro (BR) 22°52 0 S, 43°06 0 W Paraty, R ıo de Janeiro (BR) 23°12 0 S, 44°43 0 W Praia da Cima, Santa Catarina (BR) 28°00 0 S, 48°35 0 W Praia
Phylogenetic analyses and divergence time estimation
To assess the degree of saturation of mitochondrial sequences, a test of substitution saturation (Xia and Lemey 2009) Two methods were utilized for phylogenetic reconstruction: maximum likelihood (ML) and Bayesian inference (BI). The Akaike Information Criterion (AIC), implemented in jModelTest v 2.1.5 (Darriba et al. 2012) , was applied to find the models of evolution that best fit the data (see Supporting information, Data S1). The selected models were used in ML analyses of nuclear and mitochondrial datasets, conducted with RAxML 7.4.2 (Stamatakis 2006), and implemented in raxmlGUI 1.3 (Silvestro and Michalak 2012) with 1000 replicates. Phylogenies reconstructed with BI were estimated with different substitution (HKY+G+I, Hasegawa et al. 1985; and GTR+G+I, Tavar e 1985) and tree (Yule and birth-death processes) models. The marginal-likelihood scores of the posterior distributions were compared using Bayes Factors (BFs, Kass and Raftery 1995) with two different methods: harmonic mean estimation (HME, Newton and Raftery 1994 ) and a posterior simulation-based analog of the Akaike information criterion through Markov chain Monte Carlo analysis (AICM, Raftery et al. 2007 ) implemented in Tracer v1.6 (Rambaut et al. 2014 ) (see Supporting information, Tables S1.1 and S1.2). Bayesian reconstructions were conducted using BEAST v. 1.8.0 (Drummond et al. 2012 ) with a Markov chain Monte Carlo (MCMC) simulation for 100 million generations for the nuclear phylogenies and mitochondrial dataset, sampling trees every 1000 generations with a burn-in of 25%. Convergence diagnostics were conducted in Tracer, and reliable ESS values (>200) were ensured. Then, the maximum credibility tree was generated from the combined trees in TreeAnnotator v 1.6.1 (Drummond et al. 2012 ). Finally, the edition of the trees was carried out in FigTree v 1.4 (Morariu et al. 2008) .
The substitution rate and divergence times among Brachidontes solisianus and B. exustus I (Western Atlantic Clade) were estimated from the COI dataset with the equation l = (1/2 9 d)/t, where l is the substitution rate, d is the distance, and t is the genetic divergence time, using the separation time among B. "exustus I " and B. "adamsianus I" sensu Lee and O Foighil (2005) , which was estimated from the formation of the Isthmus of Panama (3.3 AE 0.2 Ma, Lessios 2008) .
Genetic diversity and population structure
The estimates of evolutionary divergence over sequence pairs within and between B. solisianus, B. "exustus I", and B. "adamsianus I", were calculated using "p-distance" (Kimura 1980) in MEGA v5 (Tamura et al. 2011) . Most sampling sites are separated by hundreds of kilometers and were thus considered to represent distinct populations. One exception comprised two sampling sites located in Rio de Janeiro (Niteroi 22°S and Paraty 23°S) that were considered a single locality. Standard diversity indices such as the number of polymorphic sites (S), number of haplotypes (k), haplotype diversity (Hd), nucleotide diversity (p), and mean number of pairwise differences (П) were estimated for each population using Arlequin 3.5 (Excoffier and Lischer 2010) . In addition, pairwise F ST estimates were obtained for mtDNA COI based on 10,000 permutations with Arlequin. The significance of pairwise comparisons between populations was tested applying Holm-Bonferroni sequential correction (Holm 1979) . To represent the spatial distribution of haplotypes, we constructed a maximum-parsimony COI haplotype network using the median joining algorithm Bandelt et al. 1999) with default parameters using Network v 4.6.13 (Polzin and Daneschmand 2003) . Following the construction of the network, a "MP calculation" was performed to reduce the number of links and unnecessary vectors.
Demographic history
The hypothesis of neutrality, where a constant population size is assumed, was examined with two different approaches. Fu's F s (Fu 1997 ) and Tajima's D (Tajima 1989 ) tests were calculated on COI sequences using DnaSP v 5.10 (Librado and Rozas 2009 ). In addition, mismatch distribution analysis (Rogers and Harpending 1992 ) was used to visualize the signature of the expansion, and the Harpending's raggedness index (r) (Harpending et al. 1993 ) was calculated to quantify the smoothness of the observed distribution. In a population that has been stationary for a long time, these distributions from nonrecombinant DNA sequences become ragged and erratic, whereas a population that has been growing generates mismatch distributions that are smooth and unimodal (Harpending 1994) . In expanding populations, the raggedness value is low and nonsignificant, while it is usually high and significant in stationary populations.
Results
Phylogeny Brachidontes s.s. and divergence time estimation
The phylogenies were inferred from mitochondrial and nuclear data under the selected substitution model GTR+G+I (for details see Supporting information) and recovered three clades: (1) Brachidontes s.l., (2) Geukensia + Ischadium, and (3) Austromytilus + Mytilisepta + Perumytilus (Figs 2-4 neither the nuclear nor the mitochondrial genomes place B. darwinianus or B. rodriguezii in a close relationship with the B. exustus species complex. Lastly, whereas both phylogenies group Brachidontes solisianus (Brazil) together with B. "exustus I" (Western Caribbean) and its geminate pair B. "adamsianus I" (Eastern Pacific), the nuclear phylogeny does not distinguish among these three species. Assuming a divergence time between B. "exustus I" and B. "adamsianus I" of 3.3 AE 0.2 Mya following the formation of the Panama Isthmus and a genetic distance 20.2% (see Table 3 ), we estimated a substitution rate of 0.03 substitutions/site/Myr. Using this substitution rate, we then estimated the divergence time between B. "exustus I" and B. solisianus to be 2.6 AE 0.6 Mya.
Genetic diversity, population structure, and demographic history
Observed saturation indices were significantly lower than expected (Isso: 0.22 to 0.23 < Isse: 0.35 to 0.75; P < 0.05), suggesting little saturation for mitochondrial sequences; we thus performed all analyses with the full COI dataset. No indels or stop codons were detected in these sequences.
Interspecific genetic distances between B. solisianus, B. "exustus I", and B. "adamsianus I" ranged between 16% and 20.2%, while intraspecific genetic distances varied between 0.02% and 0.03% (N = 89, Table 3 ).
Genetic diversity indices were similar between species. Only one species, B. solisianus, showed evidence of population expansion and/or positive selection, with significant and negative values of F s and Tajimaʼs D ( Table 4 ).
The paired Φ ST values indicated no significant differentiation among B. solisianus populations (Table 5A ). In contrast, significant differentiations were found between B. darwinianus populations (Table 5B ) as well as between some of the B. rodriguezii populations (Table 5C) .
Brachidontes solisianus exhibited a star-like haplotype network, a unimodal distribution, and a low and no significant Harpending index value (Figs 5A and 6A) , while B. darwinianus and B. rodriguezii, both exhibited nonstar-like or expanded networks, multimodal distributions, and a higher and significant Harpending index value (Figs. 5B,C and 6B,C). In the haplotype network of B. solisianus, the haplotype 1 has the highest frequency, a wide geographic distribution and numerous connections with rare haplotypes (Fig. 5A ). For B. darwinianus, the haplotype 1 and 4 are the most frequent (Fig. 5B) , while for B. rodriguezii (Fig. 5C ) haplotype 4 is the most common and has a broad geographic distribution.
Review of the museum material
Brachidontes solisianus museum samples were distributed from Cear a (Brazil, 3.7°S) to the east dock of Rio Grande do Sul (32.1°S), those of B. darwinianus samples were dis-tributed from Bahia (Brazil, 13°S) to Punta del Este (Uruguay, 34.9°S), and those of B. rodriguezii were distributed from Garopaba (Brazil, 28.9°S) to Puerto Madryn (Argentina, 42°S) ( Fig. 1; Data S2-3) .
We re-examined and characterized the phenotypes of the material identified by O Foighil (2004, 2005) as B. adamsianus I, B. adamsianus II, and B. exustus I. Based on our photographic comparisons with their type material, we found that specimens they identified as B. "adamsianus II" phenotypically match the original description of B. adamsianus (Fig. 7A) , while the material they identified as B. "adamsianus I " (Fig. 7C) is phenotypically similar to the type material of B. solisianus d'Orbigny (Fig. 7E) , the B. solisianus specimens we collected ( Fig 7F) and B. " exustus I " (Fig. 7D) . 
Discussion
Phylogenetic relationships and phylogeographic patterns
Despite the relatively small sample sizes and loci analyzed, we observed a highly supported general pattern. Phylogenetic reconstructions based on nuclear and mitochondrial data suggest that B. solisianus, B. darwinianus, and B. rodriguezii are species belonging to different lineages within the Brachidontes s.s. clade. Brachidontes solisianus is closely related to B. exustus I, a species with which it exhibits an antitropical distribution, and to this species' geminate pair from the Pacific Ocean, B. adamsianus I. Brachidontes darwinianus, an estuarine species previously considered on the basis of phenotype to be related to the B. exustus complex, is shown here not to be related to this complex. We suspect ancestral forms may have dispersed from the Caribbean to the Atlantic coast via the Trans-Amazonian seaway (Miocene). The third species, B rodriguezii, is presumed to have a long history in the region with related fossil forms going back to the Miocene. Below, we describe the species' distribution patterns and the processes potentially responsible for these distributions in detail.
Brachidontes solisianus and antitropicality
The mitochondrial phylogeny groups Brachidontes solisianus, a species distributed along the coast of Brazil, with B. "exustus I" from the Gulf of Mexico and Caribbean and with B. "adamsianus I" from the Tropical Eastern Pacific. Thus, while all three species group within the B. exustus complex sensu Lee and O Foighil (2005) , their distributions are disjunct. One disjunction, caused by the appearance of Isthmus of Panama, separates B. "exustus I" from B. "adamsianus I" (discussed by Lee and O Foighil 2005) . The second disjunction corresponds to an equatorial gap between B. "exustus I" and B. solisianus. Table 3 . Genetic distances calculated with the "P-distance" method on the COI dataset between and within Brachidontes solisianus, B. "exustus I" and B. "adamsianus I", based on mitochondrial sequence data. The estimates of the standard error (SE) were obtained by bootstrap (1000 replicates). This disjunction is an example of antitropicality known as "antiequatorial distribution" (Randall 1982) , with B. "exustus I" and B. solisianus, respectively, distributed northwest and southeast of the Orinoco and Amazon combined pens. The antiequatorial patterns observed in the western Atlantic have sometimes been attributed to the flow history of the Amazon. While temperature has been hypothesized to explain the origin of bipolar and bitemperate distributions during the cooling events of the Plio-Pleistocene (Berg 1933; Grant and Leslie 2001; Burridge 2002) , it is unlikely to have been a relevant factor in the distribution of B. solisianus and B. "exustus I" as both species are present in the warm waters of the intertropical region. Instead, salinity and habitat are the likely factors responsible for the disjunction exhibited by these marine rocky shore species. Geological records indicate the deposition of sediment and freshwater flow from the Amazon River to the Atlantic began at the end of the uplift of the Andes in the Middle-Late Miocene, around 10 Mya (Hoorn 1993 (Hoorn , 1996 . Currently, the Amazon River discharges a large volume of freshwater into the Atlantic (Curtin 1986a,b) altering salinity and causing sediment discharge up to 500 km from the coast (Rocha 2003) . This barrier is considered to be selective as it affects different species to varying degrees. For instance, while some populations or species of reef fish exhibit low genetic differentiation across the barrier (Joyeux 2001) , the spiny lobster (Pan-ulirus argus) exhibits high genetic differentiation among populations from the Caribbean and Brazil with an estimated time of divergence of 16 Mya (5-23 Mya; Tourinho et al. 2012) , a time consistent with the start of the Amazon flow to the Atlantic. The genetic distance found in the lobster is comparable to that found between Brachidontes solisianus and B. "exustus I" in this study.
The divergence time for the pair B. solisianus-B. "exustus I" was estimated at 2.6 Mya (2.45-2.77 Mya), centered at the beginning of the Quaternary. This disjunction would be more recent than the divergence between B. "exustus I" and B. "adamsianus I", attributed to the formation of the Isthmus of Panama, and estimated at 3.3 Mya (3.1-3.5 Mya). The lower genetic distance between B. "exustus I" and B. solisianus than between B. "exustus I" and B. "adamsianus I" likely reflects the "permeability" of the Amazon barrier compared to the Isthmus of Panama during the Quaternary rather than the relative age of the geologic event that created the disjunction.
The most plausible hypothesis to explain the evolutionary history of B. solisianus and B. "exustus I" is vicariance through parapatric speciation (separation with casual contact) ( Fig. 8) . Prior to the origin of the Amazon (ca. 10 Ma) and the formation of the Isthmus of Panama, the common ancestor of B. solisianus, B. "exustus I", and B. "adamsianus I" would have been distributed in the eastern tropical Pacific, Caribbean, Table 5 . Φ ST paired comparisons (below the diagonal) and approximate distance in km (above the diagonal) between populations of (A) B. solisianus, (B) B. darwinianus, and (C) B. rodriguezii. The uncorrected P-values are shown to the left of the bar and the P-values after Bonferroni-Holm correction to the right of the bar. (*): Statistically significant differences (P-value below its corrected value). In B. darwinianus, P-values were all equal to 0.0000001 so the Bonferroni-Holm correction could not be calculated. The age of closure of the isthmus and its biogeographic implications has been subject of recent debate (Stone 2013) . The hypothesis with more evidence is its complete closure during the Pliocene (3.1-3.5 Mya, e.g., Jackson and O'Dea 2013) while alternate hypotheses support a much earlier closure (~15 Ma, Montes et al. 2012; Bacon et al. 2015) . However, the shallow interoceanic connections appear to have continued during the Pliocene, not affecting the connectivity between populations of species such as small mussels distributed in shallow waters. After the final closure of the isthmus (~3.3 Ma), the populations of the eastern tropical Pacific and the Caribbean were completely isolated, without possibility of gene flow. Thus, while the most probable hypothesis for the speciation of B. "adamsianus I" (tropical Pacific) is vicariance by allopatry with the formation of the Isthmus of Panama 3.3 Mya, the most probable hypothesis for the speciation of B. solisianus is parapatric vicariance, a slow process that may have begun in the Late Miocene with the origin of the Amazon River flow and would have culminated during the Quaternary with the intensification of the current.
Brachidontes
Brachidontes darwinianus and the trans-Amazonian seaway
The hypothesis of an antitropical distribution and a close relationship between B. darwinianus and the B. exustus complex (based on phenotypic resemblance, Rios 1994) is clearly refuted by our results. The nuclear phylogeny indicates that B. darwinianus is not a part of the B. exustus species complex. The origin of B. darwinianus, an estuarine species, is intriguing. One plausible scenario involves a shallow sea with variable conditions of salinity, from normal to low (P erez et al. 2011), known as the "Paranaense" or "Entrerriense" Sea, that covered a wide area of Argentina, Uruguay, and southern Brazil during the Middle Miocene (Mart ınez and del R ıo 2002), giving the conditions for their speciation. However, there are no related fossil forms in the deposits left by the Paranaense Sea. The only fossil material is associated with B. rodriguezii (del R ıo 1991). This fact leads us to think about the possible role of the connection between the Atlantic and the Caribbean Sea during the Caribbean and Paranaense marine transgressions of the Miocene, as has been suggested for other invertebrate groups (e.g., tube anemones, Stampar et al. 2012) , although the existence of such connection has been questioned (Hern andez et al. 2005; Wesselingh and Salo 2006; Cooke et al. 2012) . Assuming that there was a connection, this seaway could have allowed the ancestral species, adapted to tolerate very low salinities and shallow estuarine environments, to enter to the southwestern Atlantic. We speculate that, following the closure of the trans-Amazonian seaway, the population limited to the Caribbean Sea likely became extinct while the other population became restricted to the southwestern Atlantic. The origin of B. darwinianus remains a puzzle that is beyond the scope of the present study.
Finally, as indicated by Trovant et al. (2013) , B. rodriguezii is a distinct species that diverged very early in the history of the genus. The presence of related fossil forms in the Late Miocene of the Paranaense province motivated the hypothesis of a long evolutionary history of this species in this region.
Genetic diversity, population structure, and demographic history
The three species distributed in the warm-temperate region of the southwestern Atlantic, B. solisianus, B. darwinianus, and B. rodriguezii, differed in their population structure and genetic diversity as well as in their demographic history. Brachidontes solisianus exhibited signs of a recent population expansion and, despite its wide distribution along the Brazilian coast, showed no genetic differentiation among populations. Brachidontes darwinianus and B. rodriguezii showed instead significant genetic differentiation among populations, without evidence of recent changes in population size. The population structure observed among B. darwinianus populations may be explained by the fact that this species is typical of estuar- ine environments, which are often discontinuous and separated by extensive marine shoreline potentially acting as barriers to dispersal. Brachidontes rodriguezii also exhibited differences among some of the populations. The population from Santa Clara del Mar in Argentina (Fig. 1) , for instance, differed from populations in more southern locations, a result that can be explained by the hundreds of kilometers of coastline with sandy beaches and muddy tidal flats (SEGEMAR 2000) that separate these locations, habitats which are unsuitable for small mussels.
To synthesize, four species of intertidal scorched mussels exist along the Atlantic coast of South America. Their similar physiognomy belies their vastly divergent origin. Perumytilus purpuratus, the southernmost species and the only scorched mussel that is found in the cold-temperate waters of southern South America (i.e., southward of 41°S), is also found in the Pacific Ocean along the coast of Chile. This species is closely related to Austromytilus rostratus from Australia and has thus a Gondwanan origin with its presence in South America linked to vicariance and dispersal (Trovant et al. 2015) . Northward of the North Patagonian gulfs from approximately 43 o S (Chubut, Argentina), the second species Brachidontes rodriguezii first coexists and then replaces P. purpuratus and is found up to Garopaba (28.9°S, Brazil) . This is the only species thought on the basis of its phenotypic resemblance with local fossils to have regional ancestry dating back to the Miocene (del R ıo 1991). The third species, Brachidontes darwinianus, an estuarine species, is found from Punta del Este (Uruguay) to Bahia (Brazil) . This species appears to be unrelated to any of the species we examined (Figs. 2-4) . One plausible hypothesis is that an ancestor of B. darwinianus may have reached the estuaries of the southwestern Atlantic via the Trans-Amazonian seaway that existed during the last marine transgression. The fourth species, Brachidontes solisianus is distributed along the coast of Brazil from Cear a to Rio Grande do Sul and its closest relative is B. exustus I sensu Lee and O Foighil (2005) found in the Caribbean northwest of the plume formed by the Amazon and Orinoco rivers, believed to have been the barriers responsible for its diversification. It is thus safe to conclude that despite the very similar phenotypic appearance of the mussel beds of the southwestern Atlantic, the presence and distribution of the four species in this region are the result of a complex suite, a collage, of diverse historical and ecological processes acting at different times.
